Vectorcardiography (VCG) is a part of electrocardiography (ECG). The vectorcardiogram displays the various complexes of the electrocardiogram, i.e. QRS, P and T complexes, in the form of "loops" which are determined from vectors representing successive instantaneous mean electric forces from the heart throughout an entire cardiac cycle. Since the heart is a three-dimensional structure, the electric forces from the heart during each heartbeat are oriented three-dimensionally and, therefore, can be represented by a time sequence ofvectors which display the magnitude and direction of these mean electric forces. Anyone who knows the fundamental and theoretical aspects of electrocardiography and knows clinical cardiology and employs electrocardiographs with high frequency response and good fidelity can visualize the detailed configuration of the vectorcardiogram from the electrocardiogram. The electrocardiogram displays the same information as the vectorcardiogram and even provides other information not readily available from the vectorcardiogram, especially temporal phenomena and disorders in cardiac rhythm. Nevertheless, vectorcardiography has developed as a result of the efforts of many investigators who were interested in the use of vector analysis of the cardiac electric potentials recorded from the surface of the body. Such investigations have contributed a great deal to a better understanding of electrocardiography and aspects of electrophysiology. Since the time sequence, magnitude, and spatial direction of the instantaneous mean vectors are determined by the order of depolarization and repolarization of the atria and ventricles which, in turn, are affected by the clinical state of the myocardium, it was considered that the spatial vectorcardiogram could be useful in learning more about the electrophysiology of the heart in normal and diseased states. There have been many reports in the field of vectorcardiography since its introduction (footnotes 1-79).
G. E. Burch sense. The concept of representing the electric forces from the heart as recorded from the surface of the body of man as a vector force was first established by Einthoven, Fahr, and de Waart in 1913,1 when they showed how the equilateral triangle of Einthoven could be used to obtain the mean electric axis of the QRS complex of the recorded electrocardiogram from standard limb leads I, II, and III. The mean vector as projected on to the frontal plane was nicely illustrated by them ( fig. 1 ). The angle a of the vector indicated the direction of this mean vector, and its length indicated the mean magnitude. This was first demonstrated for the QRS complex, the electric force of depolarization of the ventricles. It was obvious that the same principles applied to the T wave, the electric force of repolarization of the ventricles, and to the P wave, the electric force of depolarization of the atria. These mean vector quantities with direction and magnitude as projected on to the frontal plane also indicate "sense". The "sense" indicated by the vector may be described by the fact that the vector is directed away from the area of greatest relative negativity of the electric force derived from the heart toward the area of greatest relative positivity. In general, the sense is rarely discussed and is taken for granted in the construction of the vector. R _ L Figure 1 . The method of obtaining the direction of the mean electric axis of the QRS complex described by Einthoven, Fahr, and de Waart using the equilateral triangle. The history of vectorcardiography About the same time and shortly prior to the introduction of the vector concept by Einthoven, Fahr and de Waart,1 Waller2 and Lewis3 were also concerned with the electric potentials within the heart. Waller had already introduced in 1889 the dipole concept (relatively negative and relatively positive electric fields) through surface mapping of isopotential lines. The line of zero potential and the isopotential lines are clearly shown in the illustration from Waller's report ( fig. 2. ) But, Einthoven and his associates indicated that a vector quantity could define the electric forces from the heart recorded on the surface of the body. Einthoven's law (el + e3 = e2), derived from Gustav Kirchhoff's second law of the flow of electric currents in a network, further contributed to early thinking in terms of vector quantities. Craib and Canfield' also introduced general principles of cardiac electric physiology in terms of the dipole and doublet concept and vector analysis ( fig. 3 ). That these vector quantities applied theoretically to sphere or cylinder is evident from fig. 4 , as reported by Duchosal and Sulzer.5 Lewis, in 1916 ,3 indicated the local spread of the ' Augustus D. Waller, 'On the electromotive changes connected with the beat of the mammalian heart, and of the human heart in particular', Phil. Trans. R. Soc. Lond., 1889, 180: 169-194.
3 Thomas Lewis, ' The spread of the excitatory process in the vertebrate heart', ibid., 1916, 207: 221-310. G. E. Burch possible. Even this procedure alone resulted in significant errors. Thus the "constructed" vectorcardiograms could only, at best, be approximations.
In 1920, Fahr9 was also seriously considering vector analysis of the electrocardiogram. Fahr referred to the "manifest" vectors as well as to the constructed mean vectors for any given moment as could be obtained from the equilateral triangle of Einthoven ( fig. 8) . Fahr also was aware that the mean vector varied during the cardiac cycle (figs. 9, 10). In 1929, Savjaloff studied vectors of electric cardiac activity in man and was concerned about the reference frame and electrode placement."0 He placed the electrodes on the head in an attempt to establish a network for reference (plate 1). His equilateral triangle of reference was upside down (fig. 11) . He was the first to suggest the "cube" as a spatial or 3-dimensional reference frame for spatial vector analysis ( fig. 12 ). The history of vectorcardiography In the meantime, Mann was still busily engaged in manually constructing monocardiograms in patients with various types of disease states and electrocardiographic abnormalities." The resultant "loops" readily illustrated what could be expected from three standard limb leads as obtained for the frontal plane. These studies also revealed the potential of vectorcardiography in better visualizing aspects of theoretical electrocardiography. Unfortunately, the procedure was difficult and subject to error, and failed to demonstrate adequately important details of loop configuration and directions of rotation.
VECTORCARDIOGRAPHIC RECORDERS AND TECHNIQUES
Realizing the difficulties associated with construction of the "loop" manually Mann developed an apparatus for recording the monocardiogram directly from the patient. Although the apparatus was developed in 1925, it was not described in the literature by Mann until 1938. and Hollmann and Hollmann"4 in Germany, described the use of the cathode ray oscilloscope for automatically and accurately recording the vectorcardiogram. These three groups of investigators conducted their studies independent of and without knowledge of each other's research activities. The use of the cathode ray oscilloscope was responsible for a significant change in the field of vectorcardiography.
It should be mentioned that Rijlant in Belgium, in 1936, reported studies of the spatial variations in electric potential of the heartbeat as recorded in the electrocardiogram from the body surface."5,6 He used the oscilloscope in these investigations, but he displayed the time-course of the spatial scalar electrocardiogram and not the vectorcardiogram or the spatial vectorcardiogram as Wilson and Schellong had done. These reports by Rijlant also were important contributions to the field of electrocardiography and vectorcardiography at that time.
The electric circuits used by Schellong, Wilson, and others and the cathode ray tube made it possible to record with high frequency response and high fidelity and continuously all loops of the vectorcardiogram. These recordings provided for the first time accurate vectorcardiograms. Although Mann had done fairly well with his mirror activated by three movable galvanometer coils, his mirror arrangement did
The history of vectorcardiography not have the frequency response of the cathode ray tube. The latter immediately became the universal method for accurate recordings of the vectorcardiogram.
The reference system used by Schellong and associates12'17'18 to obtain a three-dimensional tracing is shown in fig. 14. These investigators were the first to use constructed wire models of the vectorcardiogram in order to appreciate better the spatial orientation of the vectorcardiogram ( fig. 15 ). Schellong's publication in 1936 was an outstanding early report on spatial vectorcardiography.12 The reports of stereoscopic views of the spatial vectorcardiogram ( fig. 16 ), which facilitated three-dimensional visualization of the vector loops, including the T loops, by Schellong and his associates were also important contributions. These investigators had solved very well the problems offered by the "halo" at the isopotential point of the recording. The "halo" is due to the fact that the cathode ray beam remains at one point on the cathode ray screen for a relatively long time. This results in an important technical problem in studies with the cathode ray oscilloscope.
Although Wilson, Johnston, and Barker presented their studies with the use of the cathode ray oscilloscope to record the vectorcardiogram in Atlantic City in the spring of 1937,13 their work was performed during 1936. They used the central terminal along with the standard limb lead electrode placement to obtain their recordings. The central terminal, which they introduced as the indifferent electrode for more reliable electrocardiographic recordings, is an extremely important point for electrode placement. In 1938, Wilson and Johnston"9 described in detail the method they advocated for recording the frontal plane projection of the vectorcardiogram (figs. 17, 18, 19 .Q oo The history of vectorcardiography reproducible, and also made it possible to construct wire models accurately for detailed study. Approximately 5,000 such models were constructed during the course of our investigations. The equipment used, which was designed and constructed in our own laboratory, and an assortment of these wire loop models are preserved in the Smithsonian Institution in Washington, DC.
- In 1939, in a classic and extensive paper,' Schellong again described the vectorcardiograms associated with many abnormal cardiac states and electrocardiographic disorders using his reference frame of electrode placement.
REFERENCE SYSTEMS IN VECTORCARDIOGRAPHY
By the late 1930s and early 1940s, there was considerable concern and argument about the best reference system that should be used to record the vectorcardiogrm (VCG) and spatial vectorcardiogram (sVCG). Arrighi, in 1939, for example, suggested a new and quite different electrode site ( fig. 25) interesting and reflecting the existing concern about reference systems of electrode placement, was not accepted generally.
Sulzer and Duchosal, who had become intensely interested in vectorcardiography, employed the "double cube" (rectangular) reference frame for their studies, which they reported in 1942.30 They strongly indicated its advantages while studying the vectorcardiogram and spatial vectorcardiogram in heart disease and its advantages from the theoretic point of view. These investigators5'3 of Switzerland, like many others, were concerned about the "correct" electrode placement, i.e. what recording technique would display the "true" or "correct" situation for the electric forces within the heart. This idea of errors and correctness engaged and-commanded the attention of quite a number of investigators. It was evident that the surface potentials recorded at the surface of the body were correct within themselves and "correct" for the method used. No method could accurately display the precise time course of potentials within the heart. This was only one of the topics being debated in medical literature and at medical meetings throughout the world and which resulted in the clarification of vectorcardiography. Bayley in 1943 and later, using the concept of the ventricular gradient and the vectorcardiogram, emphasized the theoretical concepts of The history of vectorcardiography electrocardiography and vectorcardiography.32 He introduced some of the new symbols now used in spatial vectorcardiography, such as QRS sE-loop, T sE-loop, etc. The electrocardiographic letters (QRS,T,etc.) indicate the comparable complex in the electrocardiogram; "s" indicates that the vectorcardiogram is spatial; the "caret" (A) placed over the E indicates that it is a vector quantity; "E" indicates it is electric potential; and "loop" indicates that it is a vectorcardiogram. This type of symbol was of great assistance in writing and speaking on the subject. Between 1946 and 1948, H.C. Burger and van Milaan reported studies of heart vector leads,33.34.35which resulted in important contributions to electrocardiography concerning reference frames and standardizing or correction factors, a great deal of which is applicable to vectorcardiography as well.
As mentioned above, the concern over the "most accurate" reference frame of electrode placement for vectorcardiography demanded and received considerable attention and probably wasted a considerable amount of time and effort. Schellong introduced his system and made important contributions to vectorcardiography through the use of that system. Duchosal and Sulzer introduced the "double cube" (rectangular) reference frame as a system of electrode placement, whereas Grishman and associates36 advocated the cube. The cubic system was employed extensively at first but it rapidly became little used and now is apparently not used at all. Schmitt37 also became interested in lead placement and described several types of electrode placement for vectorcardiography. Wilson, Johnston, and Kossmann introduced the equilateral tetrahedron as a reference frame for spatial vectorcardiography in 1947.38 This system required the placement of only one electrode in addition to those already used in electrocardiography for recording the three standard limb leads. This fourth position is easy to locate, is reproducible and establishes for analytical purposes a volume frame of reference which consists of four surfaces, each an equilateral triangle of Einthoven, so that any theoretical and clinical principles already developed for the equilateral triangle for the frontal plane could be applied to the four surfaces of the equilateral tetrahedon. We introduced various "correction factors" into the electric network to provide the necessary "theoretical" configurations desired to "establish" an equilateral triangle frame of reference.39 We were among the first to investigate vectorcardiography . The investigations by us included standardization of reference frames, establishment of correction factors for The history of vectorcardiography on fat women with large breasts and almost impossible on newborn infants. Fig. 26 briefly indicates the Frank system of electrode placement.
Some of the suggested systems of electrode placement for vectorcardiography are summarized in fig. 27 .46 There were innumerable suggestions and modifications of systems. The isosceles tetrahedron was even suggested to replace the equilateral tetrahedron,39 but the latter was considered simpler and more desirable. 
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Thus, the spatial vectorcardiogram has been subjected to various methods of study and analysis-those mentioned above as well as others.4767 As noted above, by means of electrode placement or by photographic techniques, stereoscopic views of the vectorcardiograms were produced and studied and three-dimensional wire models of the vectorcardiograms were constructed for spatial viewing and orientation. These methods are still used by some investigators to study spatial vectorcardiograms.
GENERAL COMMENTS
During the past fifty years or so, the vectorcardiogram has been studied in patients with different types of heart disease and cardiac arrhythmias. Not only have the vectorcardiographic changes associated with different cardiac disease states been
The history of vectorcardiography elucidated, but normal variations in the tracings have been learned. A great deal of attention was devoted to these problems once the cathode ray oscilloscope made it relatively easy to record accurately the vectorcardiogram.
We have worked extensively with vectorcardiography to leam its clinical usefulness. We studied numerous sVCGs from normal subjects and showed them to be of two basic types,3958 one of which represents essentially eighty per cent of recordings from normal people and the other about twenty per cent. We examined many hearts at autopsy and correlated the post-mortem findings with both the electrocardiographic and spatial vectorcardiographic recordings. We described various sVCG patterns,"79 including those for diffuse myocardial damage and ventricular aneurysm, high basal infarction, ageing, localized myocardial hypertrophy, left and right bundle branch blocks, and other abnormalities. We demonstrated that the spatial vectorcardiogram can provide clinically useful information. We showed, for example, that lesions involving the high basal and lateral aspects of the heart which are depolarized last could be detected by the distortion produced by these lesions in the terminal portion of the sE-loop of the QRS complex and the terminal portion of the QRS complex of the conventional electrocardiogram. This revealed the fact that all patients who have infarction do not necessarily have Q wave abnormalities. Also, we showed that the sVCG can pathognomonically distinguish between the secundum and primum types of atrial septal defect, the QRS loops being so characteristically distinctive that even untrained persons could readily detect the difference.
It is beyond the scope of this brief review of the history of vectorcardiography to review and summarize the many published reports, including our own, or even to attempt to describe the vectorcardiograms in all disturbances in cardiac rhythm, electric activation, and cardiac disease. The vectorcardiogram in normal people and in ischaemic heart disease, myocardial infarction, ventricular hypertrophy, and right and left bundle branch block, Wolff-Parkinson-White syndrome, congenital heart disease, and many other cardiac states have been described throughout the years subsequent to 1931. Unfortunately, rarely has the vectorcardiogram actually shown some aspect of the electric potential from the heart that was not already clearly evident from the electrocardiogram. This has been one reason for its slow development in clinical cardiology.
There remains a need to establish a simple, reproducible and useful system of electrode placement as a universal reference system to compare studies, as can be done in electrocardiography. A standard method would make comparison possible. No reference system can be perfect. The relationship of vectorcardiographic patterns to various types of heart disease can be determined only by clinical correlation, and especially with careful clinicopathological studies. Routine autopsy data are too unreliable for satisfactory use in studies of this type. The hearts are too often not examined thoroughly, either grossly or microscopically, at routine autopsy.
The lack of simple, reliable equipment for recording the spatial vectorcardiogram has been an important factor responsible for the failure of vectorcardiography to be used extensively or more generally in clinical studies of patients. The electronic equipment, photography, mounting of recordings, etc., were among the many complex, time-consuming, expensive and difficult aspects of vectorcardiography. However, recently a good direct-writing vectorcardiograph has been introduced that can be used in the clinic, office, and hospital. A company (Instruments for Cardiac Research, Inc.) in Syracuse, New York, has marketed a vectorcardiograph which has high fidelity and is a direct-writing pen recorder (X-Y recorder). The recording is stored in a memory computer circuit with a good and high frequency response and is played back slowly into an ink-writing X-Y recorder. The rate of activation of the X-Y recorder from the memory component of the vectorcardiograph is well below the rate of response of the direct-writer. This new recorder, though expensive, has simplified vectorcardiographic recording in the clinic, office, and hospital.
It is my opinion that the equilateral tetrahedron reference frame should become the standard method of electrode placement because of its practicability, simplicity, reliability, and reproducibility. With good equipment and a method simple to use and standard throughout the world, the value of vectorcardiography in clinical medicine could be investigated and its role in clinical and experimental medicine determined.
Regardless of its questionable value in clinical practice, vectorcardiography proved to be valuable in research and education. To express the cardiac electric potentials in vector quantities is an excellent idea. But, before the vectorcardiogram can become an indispensable procedure in clinical practice, its correlation with heart disease is absolutely necessary, just as such correlation was necessary for electrocardiograms.
Finally, it would be negligent to fail to indicate some of the shortcomings of vectorcardiography as revealed thus far. Its greatest shortcoming is its inability to record heartbeats continuously. It is a technique for studying a single cardiac cycle
